Autosomal dominant and recessive forms of progressive external ophthalmoplegia (adPEO and arPEO) are mitochondrial disorders characterized by the presence of multiple deletions of mitochondrial DNA in affected tissues. Four adPEO-associated missense mutations have been identified in the ANT1 gene. In order to investigate their functional consequences on cellular physiology, we introduced three of them at equivalent positions in AAC2, the yeast orthologue of human ANT1. We demonstrate here that expression of the equivalent mutations in aac2-defective haploid strains of Saccharomyces cerevisiae results in (a) a marked growth defect on non-fermentable carbon sources, and (b) a concurrent reduction of the amount of mitochondrial cytochromes, cytochrome c oxidase activity and cellular respiration. The efficiency of ATP and ADP transport was variably affected by the different AAC2 mutations. However, irrespective of the absolute level of activity, the AAC2 pathogenic mutants showed a significant defect in ADP versus ATP transport compared with wild-type AAC2. In order to study whether a dominant phenotype, as in humans, could be observed, the aac2 mutant alleles were also inserted in combination with the endogenous wild-type AAC2 gene. The heteroallelic strains behaved as recessive for oxidative growth and petite-negative phenotype. In contrast, reduction in cytochrome content and increased mtDNA instability appeared to behave as dominant traits in heteroallelic strains. Our results indicate that S. cerevisiae is a suitable in vivo model to study the pathogenicity of the human ANT1 mutations and the pathophysiology leading to impairment of oxidative phosphorylation and damage of mtDNA integrity, as found in adPEO.
INTRODUCTION
Autosomal dominant or recessive external progressive ophthalmoplegia (adPEO or arPEO) is a mitochondrial disorder associated with the presence of multiple deletions of mtDNA (1) (2) (3) . The disease is characterized by the presence of progressive external ophthalmoplegia, ptosis and myopathy.
Bilateral cataract, tremor, ataxia and chronic sensorimotor peripheral neuropathy are found in some families. Serum lactate at rest is normal or moderately elevated. Examination of muscle biopsies shows ragged-red fibers (RRF), decreased histochemical reaction to cytochrome c oxidase and neurogenic changes. Southern blot analysis of muscle mtDNA shows the presence of heterogeneous mtDNA species. The accumulation of mtDNA lesions correlates with the age of onset and with the severity of the disease.
The disorder is genetically heterogeneous. Linkage analysis has demonstrated the presence of three loci: on chromosome 10q24 (MIM157640) (4), 4q34-35 (MIM601227, recently changed to MIM103220) (5) and 15q (MIM174763) (6) . However, the presence of families that are not linked to any of the known loci suggests the existence of at least a fourth locus. The gene on chromosome 10, C10ORF2, encodes TWINKLE, a putative mitochondrial helicase. The gene that maps on chromosome 15q25 encodes POLG1, the catalytic subunit of the mitochondrial DNA polymerase and has recently been associated with both adPEO and arPEO cases. The gene responsible for the adPEO form linked to the 4q locus encodes the muscle-heart specific isoform of the mitochondrial adenine nucleotide translocator (ANT1) (7) . While TWINKLE and POLG1 are obviously connected to mtDNA metabolism, the relationship between ANT1 and mtDNA is less clear.
ANT1 is the most abundant protein of the inner mitochondrial membrane and works as a homodimer to create a channel through which ADP is transported inside, and ATP outside, mitochondria (8) . ANT is also believed to be part of the mitochondrial permeability transition pore (MPTP) and could play a role in mitochondrion-mediated apoptosis (9) . A few heterozygous missense mutations of ANT1 have been reported in adPEO families and in one sporadic case. The familial mutations are A114P, L98P and D104G (3, 7, 10, 11) . Two of them map in highly conserved or conservatively substituted residues throughout eukaryotes, while D104G does not (Fig. 1) . The mutation present in the sporadic case is a V289M substitution (7) .
Several mechanisms have been suggested to explain the pathogenesis of adPEO caused by mutant ANT1: (i) a disturbed intramitochondrial adenine nucleotide pool causing a high error rate of the mitochondrial DNA polymerase (7); (ii) the formation of an unregulated channel in the mitochondrial membranes (12) ; and (iii) the impairment of the import of the mutated forms into mitochondria (13) . Other mechanisms are possible: for instance, mutations could induce protein misfolding that could make it more susceptible to oxidative inactivation (14) ; in turn, ANT1 dysfunction could lead to an increase of oxidative stress within mitochondria, and damage on mtDNA (15) .
Human cell lines are not suitable to evaluate the functional consequences of ANT1 mutations, since ANT1 is not expressed in cultured fibroblasts or myoblasts, and its overexpression induces apoptosis (9) .
However, genes encoding the ADP/ATP carrier are highly conserved in all eukaryotic organisms. In the yeast Saccharomyces cerevisiae three genes, AAC1, AAC2, AAC3, whose expression is differently regulated by environmental factors, encode isoforms of the mitochondrial ADP/ATP carrier (16) (17) (18) . AAC1 and AAC3 are not essential for growth on respiratory carbon sources and their disruption, either separately or together in the same cell, does not affect the mitochondrial ADP/ATP translocation (19) . AAC2 encodes the major translocator protein related to oxidative phosphorylation, and is responsible for growth on non-fermentable carbon sources, such as glycerol, ethanol or lactate.
In order to validate the pathogenicity of the human mutations, and better understand their effects on mitochondrial metabolism, we performed complementation studies in AAC2-defective strains of the yeast S. cerevisiae. Mutations were introduced in the AAC2 gene, whose deduced amino acid sequence is 54% similar to hANT1 and the effects on energy metabolism and transport function were analysed for each mutation. In order to study whether these alleles behaved as dominant negative in yeast, the aac2 mutant alleles were also inserted in combination with the endogenous wild-type AAC2 allele and the effects on energy metabolism and mtDNA stability were analysed.
RESULTS
AAC2 alleles equivalent to hANT1 mutants responsible for adPEO cause a severe impairment in oxidative growth
We performed complementation studies by introducing AAC2 mutated alleles into the S. cerevisiae strain WB-12, which carries a double deletion abolishing both aac1 and aac2 genes. In addition to the A114P mutation, that was previously shown to determine a defective growth phenotype on glycerol (7), we analysed two other mutations identified in the hANT1 protein sequence of PEO patients: V289M (7) and L98P (3). Alanine (A)114 in the hANT1 protein sequence is highly conserved through eukaryotes, and corresponds to A128 in the yeast Aac2 protein. The other two missense mutations are not conserved between man and yeast ( Fig. 1) . In particular leucine (L)98 in hANT1 is conservatively substituted by methionine (M)114 in Aac2p and valine (V)289 in hANT1 corresponds to serine (S)303 in Aac2p. A fourth missense mutation, D104G (10), maps in a region where the sequence homology between hANT1 and yAAC2 is sparse, making the alignment predictions unreliable. Therefore the D104G mutation has not been investigated in the present work.
In a first series of constructs, we replaced the codon specific to the amino acid residue of the wild-type AAC2 yeast sequence with the codon corresponding to the amino acid residue of the wild-type ANT1 human sequence. In particular, M114 of AAC2 was mutated into L114 and S303 into V303 (Table 1 ). In order Figure 1 . Alignment of human ANT1 and S. cerevisiae Aac2 amino acid sequences. hANT1 residues that are mutated in adPEO patients and the corresponding residues of yAac2p are shown in bold. For sequences alignment version 1.4 of ClustalW was used with default parameters. Asterisks denote conserved residues. Dots indicate conservatively substituted residues.
to maximize the expression of these variants, the preferred yeast codons were used in the sequences of the oligonucleotides for mutagenesis: GTT for V and TTG for L (20) . Hereafter these modified species will be referred to as 'humanized wild-type' Aac2p variants.
The 'humanized wild-type' AAC2 variant alleles M114L and S303V were then introduced into WB-12 yeast mutant. Transformants aac2
M114L and aac2 S303V were tested for growth on YNB medium supplemented with 2% lactate (Fig. 2) . Both alleles were able to complement the oxidative growth defect of the WB-12 strain. Similar results were obtained with ethanol or glycerol (data not shown).
We then prepared a second series of constructs by introducing the amino acid changes A128P, M114P and S303M. These changes correspond to allegedly pathogenic mutant residues in the ANT1 protein of adPEO patients. Again, the preferred codon CCA for proline, and the unique ATG codon for methionine were used for mutagenesis. Strain WB-12 was transformed with the mutated constructs (aac2
A128P
, aac2
M114P
and aac2 S303M ) and transformants were analysed for growth on 2% lactate. Growth was severely impaired in transformants carrying the A128P, M114P or S303M substitutions (Fig. 2) . The M114P substitution had a more drastic effect than the others. Similar results were obtained with ethanol or glycerol (data not shown).
To check whether the reduced growth of the strains carrying the pathogenic alleles could result from a reduced expression of the mutant alleles and/or to a reduced content of the encoded protein in mitochondria, we performed northern and western blotting analyses. Northern analysis showed that the transcript level of the AAC2 gene expressed from the pFL38 plasmid (WB-12/AAC2) was very close to that derived from the endogenous nuclear allele (W303-1B) and that in all the aac2 mutants analysed, gene expression was comparable to the AAC2 wild-type allele (Fig. 3A) . Western blotting analysis showed that all the mutations tested did not cause a significant alteration of the Aac2 protein content, with the exception of the A128P substitution ($30% of wild-type; Fig. 3B ).
Taken together these results indicate that, with the possible exception of A128P (see below), the amino acid residues identified at equivalent positions in hANT1 mutants responsible for adPEO, but not those present at the same positions in the wild-type ANT1 protein, specifically altered the function of Aac2p.
AAC2 alleles equivalent to hANT1 mutants identified in adPEO patients fail to rescue growth after ethidium bromide treatment
Op1 is an oxidative phosphorylation defective yeast strain carrying an R96H substitution in the Aac2 protein (Aac2p) (17) . This strain is unable to produce mitochondrial petite mutants (21) , thus resembling petite-negative yeasts (22) . Accordingly, the op1 mutant (VG1-5A), and the WB-12 strain, carrying double aac1 and aac2 disruption, both undergo growth arrest after treatment with ethidium bromide, that causes deletions of mitochondrial DNA (23) . As expected, reintroduction of the wild-type AAC2 gene was able to complement this phenotype (data not shown). Similar results were obtained with WB-12 strain transformed with the humanized wild-type variants aac2 M114L and aac2
S303V
. By contrast, no growth recovery was obtained when WB-12 strain was transformed with aac2
A128P
, aac2 M114P or aac2 S303M alleles, equivalent to hANT1 mutations responsible for adPEO (data not shown).
Cytochrome content and respiratory activity in AAC2 mutants
Measurement of the mitochondrial cytochrome content is an index of the structural integrity of the respiratory chain complexes. The WB-12 strain transformed with aac2 M114L and aac2 S303V 'humanized wild-type' alleles exhibited a cytochrome profile similar to that of the strain transformed with the wild type AAC2 gene (Fig. 4) . By contrast, the strains carrying allegedly pathogenic aac2
A128P
M114P and aac2
S303M
mutations displayed a significant reduction of cytochromes b and aa 3 , but not of cytochrome c (Fig. 4) . The observed reduction of the cytochrome content corresponded to a reduction in the cytochrome c oxidase activity (Table 2) . Specific activity of cytochrome c oxidase was found to be reduced to a variable extent in mitochondria isolated from strains carrying allegedly pathogenic mutations compared to wild-type mitochondria whereas expression of the 'humanized wild-type' alleles resulted in a comparable activity. In the same transformants the respiration activity parallelized the cytochrome profile, indicating that the presence of the pathological alleles aac2 A128P and aac2 M114P severely reduced the respiration, whereas the aac2 S303M mutation had a milder effect (Table 3) .
Transport properties of AAC2 mutants
To directly test the functional capacity of the AAC2 mutants we carried out specific transport assays. The Aac2 protein was solubilized from mitochondria isolated from different WB-12 transformants. The yield of mitochondrial protein was lower for the WB-12 strain transformed with wild-type allele than for the WB-12 strain transformed with the allegedly pathogenic mutant variants aac2 In contrast, the yields for the humanized mutant variants were not significantly different compared with wild-type (0.27AE 0.03 and 0.29AE 0.05 mg/g cell, for M114L and S303V, respectively). These results suggest that expression of the pathogenic alleles triggered mitochondrial proliferation in response to a decrease of cytochrome content and respiration. The inner membrane potential of mutant mitochondria measured in vitro was 70-90% relative to wild-type mitochondria, indicating that the aac2 mutant alleles did not induce significant membrane disgregation (data not shown).
Homoexchange modes. As shown in Figure 5 , proteoliposomes reconstituted with extracts from A128P mitochondria showed a markedly reduced ATP homoexchange rate ($30%) compared with the wild-type transformant. Since protein analysis demonstrated a corresponding decrease in immunoreactivity of the Aac2 protein content (Fig. 3B) , a decreased content of the A128P mutant in mitochondria, rather than impaired transport activity, accounts for the reduced ATP uptake. Given the normal level of expression of the aac2 A128P allele (Fig. 3A ), the reduction in the level of the A128P mutant in mitochondria is likely to depend on posttranscriptional factors, such as stability of the protein or import.
In contrast, the ATP homoexchange rates associated with the pathogenic substitutions M114P and S303M did not significantly differ from those of the corresponding 'humanized wildtype' alleles, M114L and S303V, which were in turn close to the rate associated to wild-type Aac2p (Fig. 5 ). The increase of the mean rate value of the ATP homoexchange catalysed by the M114P mutant relative to M114L, can be explained partly by an increased number of mitochondria from which the reconstituted protein was extracted, as suggested by the higher citrate synthase activity (1448 versus 1025 nmoles/min/mg protein). No activity was observed in the absence of added protein or internal substrate. Likewise no transport was observed (99% inhibition) when proteoliposomes were pre-incubatated with 10 mM carboxyatractylate and 5 mM bongkrekic acid, the specific and powerful inhibitors of the mitochondrial ADP/ATP carrier (24) , prior to the addition of labeled ATP or ADP. ) or the 'humanized wild-type' alleles (aac2
M114L
and aac2
S303V
). Total mRNAs were prepared as described in Material and Methods from cells grown on YNB medium supplemented with 2% galactose. RNA was hybridized with labelled probes for AAC2 and ACT1. Hybridized membranes were exposed to an X-ray film for 24 hs. (B) Analysis by SDS-PAGE and western blotting of mitochondria (20 mg protein) isolated from the W303-1B strain and the WB-12 transformants as in (A).
We then measured ADP homoexchange rates. As shown in Figure 5 , the ADP transport catalysed by all of the pathogenic substitutions was markedly decreased compared with wild-type Aac2p, whereas no significant abnormality was found in the rate of ADP homoexchange mediated by M114L and S303V 'humanized wild-type' variants. These results suggest the presence of a defect in ADP transport specifically associated to the pathogenic mutations.
Heteroexchange modes. For the ability of the yeast cell to carry out oxidative phosphorylation, not only the absolute Aac2p transport level is important, but also the prevalence of the productive mode (ADP import/ATP export) versus other transport modes. In vivo, Aac2p is inserted in the inner mitochondrial membrane in such a way that ADP import is more kinetically efficient than ADP export, whereas ATP is preferably transported in the opposite direction. Therefore, the ATP/ADP exchange is dependent on the orientation of the reconstituted Aac2p protein into de-energized liposomes (25) .
To verify the possibility that the effect of the pathogenic mutations on the transport of ADP and ATP could be due to opposite orientation in the liposomal membrane compared with wild-type, we determined the rates of each heteroexchange mode, i.e. the rate of ATP uptake in exchange for intraliposomal ADP (ATP/ADP heteroexchange) and the rate of the ADP uptake in exchange for intraliposomal ATP (ADP/ATP heteroexchange). As shown in Figure 6A , no difference in the ratio between the rates of the ATP/ADP versus ADP/ATP heteroexchange modes were observed with the exception of the S303M, where the ratio between the heteroexchange rates was significantly lower than 1. These data suggest that under our conditions the wild-type protein, as well as the substitution mutants (except the S303M), are randomly incorporated in the liposomal membrane, with a (slight) preference for the inside-out orientation (i.e. opposite to the orientation of the native protein in the mitochondrial inner membrane). In agreement with this conclusion we found that carboxyatractylate, an impermeable ligand specific for the matrixexposed face of the protein, inhibited the wild-type and the pathogenic substitutions A128P and M114P by 55-65% (data not shown). By contrast, S303M activity was only inhibited by 15-20%, indicating that most of the S303M protein has the same orientation in the liposomal membrane as the native Aac2p in vivo. This observation is in agreement with the low ATP/ADP versus ADP/ATP ratio found for the S303M variant. Altogether our results indicate that the different effects of the pathogenic mutations on the transport of ADP and ATP are not due to an opposite orientation in the liposomal membrane compared with wild-type.
We then compared the ATP/ATP homoexchange versus ATP/ ADP heteroexchange rates. The proteoliposomes reconstituted with wild-type mitochondrial extracts were found to take up ATP in the heteroexchange mode at a 2-fold lower rate than in the homoexchange mode (Fig. 6B) , as expected because of the electrogenic nature of the ATP exchange for ADP. Interestingly, the proteoliposomes reconstituted with extracts from the A128P, M114P and S303M mitochondria displayed a further 2-fold decrease of the ratio between the ATP/ADP exchange and the ATP/ATP exchange rates relative to wild-type mitochondria (Fig. 6B) . The humanized wild-type variant M114L showed a ratio between the heteroexchange and the homoexchange rates not significantly different from wild-type Aac2p, while the humanized wild-type variant S303V showed a significant decrease.
Taken together, these data indicate that the pathogenic mutations as well as the S303V substitution have an ATP >ADP preference, relative to wild-type Aac2p.
Studies on heterozygous AAC2 wt/mutant strains
In humans, the A114P, L98P and V289M mutations are dominant. To mimic the human condition, the strain W303-1B AAC2 was transformed with plasmids carrying different aac2 alleles to obtain strains heteroallelic for the three different mutations AAC2/aac2 A128P , AAC2/aac2 M114P and AAC2/ aac2 S303M . The control strains were AAC2/AAC2, AAC2/ aac2 M114L and AAC2/aac2
S303V
, respectively. The strains were tested for growth on YNB medium supplemented with 2% lactate, ethanol or glycerol. All the heteroallelic mutant strains failed to show a significant growth defect in comparison with control strains (data not shown). In addition, viable colonies were obtained after ethidium bromide treatment. These results suggest that the oxidative growth and petite-negative phenotypes for all of the mutant strains behaved as recessive traits.
We then analysed whether other OXPHOS features, such as the structure and function of the respiratory complexes, and mtDNA integrity, were affected by the heteroallelic conditions. As shown in Figure 7 , the cytochrome content of the AAC2/ aac2 S303M heteroallelic strain was barely reduced compared with the strain carrying the 'humanized wild-type' allele AAC2/ aac2
. By contrast, the heteroallelic strains AAC2/aac2 A128P and AAC2/aac2 M114P showed a markedly reduced cytochrome content compared with control strains, in particular for cytochromes b and aa 3 . As expected, the respiratory activities parallelized the cytochromes profiles (Table 4 ). These results suggest that, at least for respiratory structure and function, the aac2 A128P and aac2 M114P mutations behaved as dominant traits. It should be noted that similar respiratory activities were not sufficient to sustain enough energy production for aerobic growth of the corresponding monoallelic mutants, indicating a reduced efficiency of coupling between respiration and ATP synthesis in the latter strains. We first performed a Southern analysis on total genomic DNA extracted from massive liquid cultures of all our strains, using a yeast mtDNA-specific probe. No alteration in the hybridization pattern could be detected in any of them (data not shown).
In order to evaluate a possible accumulation of mtDNA rearrangements in single clones, all the heteroallelic strains (AAC2/aac2 M114L , AAC2/aac2 , AAC2/aac2 S303M ) and the homoallelic strain (AAC2/AAC2) were grown for $15 generations and plated onto YNB medium supplemented with 2% glucose. The segregation of petite mutants was then estimated by the TTC overlay assay and by glycerol-negative phenotype. As shown in Table 5 , heteroallelic strains AAC2/aac2 A128P and AAC2/aac2
S303M
showed an accumulation of respiratory deficient (RD) mutants 3-fold higher than the corresponding control (AAC2/AAC2 and AAC2/aac2 S303V , respectively). These results suggest that the combination of the two mutant alleles with the wild-type allele caused an increase of abnormal mtDNA genomes, indicating a dominant effect. By contrast, no significant increase was observed in AAC2/aac2 M114P . The petite mutants can be either r À or r o . The r À mutants contain deletion-carrying mtDNA, whereas r o are mtDNA-less mutants. To evaluate the nature of the petite mutations, we PCR-screened for the presence/absence of specific regions of mtDNA in respiratory-deficient clones derived from AAC2/ aac2 A128P and AAC2/aac2 S303M strains. Four primer pairs were used, homologous to sequences of the following genes: COX1, COX3, 21S rRNA and COB (see Materials and Methods). All clones displayed the presence of one or more of these regions, indicating that these clones are not r o (data not shown). To confirm that mtDNA of the petite mutants contained deletions, Southern hybridization analysis of isolated mtDNA was carried out using a mtDNA specific oligonucleotide as a probe. The results reported in Figure 8 indicate that mtDNA from petite mutants contain large-scale rearrangements, whereas the mtDNA from the two r þ heteroallelic strains displayed a similar pattern which was also indistinguishable from the pattern obtained with wild-type strain (data not shown). The fact that we did not observe alterations in the mtDNA hybridization pattern by Southern analysis on total genomic DNA extracted from growing cultures of heteroallelic strains can be explained by the low number of petite mutants obtained and by the heterogeneous pattern of mtDNA deleted species, which could be diluted out, relative to the prevalent wild-type mtDNA species.
DISCUSSION
We have set up a yeast recombinant system to study the pathogenicity of various ANT1 mutations found in adPEO patients. A series of constructs, expressing mutant versions of AAC2, were generated and analysed for the ability to Represent the allele carried by the centromeric vector pFL38 introduced into the strains. b Represent the percent ratio between the oxygen consumption of a mutant strain and that of the wild-type allele. All values are means of three independent experiments. In no case was the variation higher than 10%. The diagnosis of the RD phenotype was carried by TTC agar overlay technique. More than 1000 colonies/strain were scored. All values are means of three independent experiments. In no case was the variation higher than 15%. complement defective growth on non-fermentable carbon sources of WB-12, a mutant strain of S. cerevisiae carrying a double aac1aac2 deletion. The three mutants aac2 A128P , aac2 M114P and aac2 S303M all showed a defective oxidative growth phenotype, being M114P the most affected and A128P the least affected. None of the three alleles was able to complement the petite negative phenotype of WB-12. Our results confirm the findings of Kaukonen et al. (7) on aac2 A128P and extend to aac2 M114P and aac2 S303M alleles the association between these mutations, corresponding to hANT1 mutants responsible for adPEO, and oxidative growth phenotype in yeast. By contrast, the oxidative growths of the 'humanized wild-type' variants M114L and S303V, were both similar to the WB-12 strain re-expressing the authentic yeast wild-type Aac2p. This result confirms the usefulness of the yeast S. cerevisiae for the validation of the pathogenicity of new ANT1 mutations in familial and sporadic PEO.
The respiratory analysis of the pathogenic mutants revealed that the mutations exerted a drastic effect on the level of cytochromes aa3 and b, and on the respiratory chain complexes activity, but not on the level of cytochrome c. Our data are consistent with previously reported results indicating a relative insensitivity of the cytochrome c content in response to different mutations in Aac2p (26) . Interestingly enough, our analysis revealed that cells transformed with the pathogenic alleles displayed a markedly abnormal (i.e. reduced) cytochrome profile whereas the aac1aac2 null mutant displayed a cytochrome profile that was only partially reduced, compared with the wild-type. This result indicates that a structurally defective protein can cause more damage that the absence of the protein itself. A possible explanation is that, in addition to its function on ATP/ADP translocation, the Aac2 protein plays a 'structural' role that contributes to maintain the integrity of respiratory complexes in the inner membrane of mitochondria. The fact that cytochromes b and aa3 were more affected than cytochrome c can be explained by the observation that the first two cytochromes are inserted in the inner membrane, while cytochrome c is loosely bound to the membrane (27, 28) . Direct evidence in support of an effect of AAC on the membrane structure was previously reported in bovine heart mitochondria (29) .
In the present work, we report for the first time the effects on transport activity of mutations in AAC2 equivalent to adPEOassociated mutations in ANT1. All the aac2 pathogenic mutants retain the basic features of ANT/AAC proteins (e.g. high sensitivity to carboxyatractyloside and bongkrekic acid, obligatory counter-exchange mechanism, homoexchange preferred to heteroexchange). These data, together with the significant level of mitochondrial membrane potential of cells expressing different aac2 alleles, strongly argue against the hypothesis that the primary pathogenic role of ANT1 mutations associated with adPEO is to cause directly or indirectly the opening of an unregulated channel followed by structural disintegration of mitochondria (12) . It should also be noted that the uncoupling effects reported by Chen (12) were observed in a strain over-expressing the aac2 A128P mutant allele.
We did not observe a significantly reduced concentration of Aac2 mutated protein in mitochondria except for the A128P variant. This could be due to reduced import efficiency or to instability of the mutated proteins in the mitochondrial membrane. However, our results do not establish any direct correlation between import/stability efficiency and the observed phenotypes. De Marcos et al. (13) proposed that impairment of mitochondrial import is the primary cause of the pathogenicity of the A114P and V289M substitutions in S. cerevisiae. Our results did not confirm this hypothesis. Moreover, the fact that ANT mutations in adPEO pathology behave in a dominant manner strongly argues against the idea that the absence of the protein can be the cause of the human disease.
The pathogenic mutants displayed altered kinetic properties, since, markedly more than the wild-type strains, ATP is preferred to ADP as a substrate. Efficient ATP export is controlled by an equally efficient ADP uptake; therefore, the ATPout/ADPin heteroexchange should be faster than any other transport mode. In the light of our kinetic measurements, since . mtDNA was prepared and analysed as described in Materials and Methods from cells grown on YNB medium supplemented with 2% glucose; mtDNA (5 mg) was digested with AccI and hybridized with a mtDNA-specific probe.
yeast cells maintain a high cytosolic ATP/ADP ratio, mutant Aac2p could be engaged in a futile ATP/ATP homoexchange at the expense of productive ATPout/ADPin heteroexchange. In turn, the resulting decrease in mitochondrial ADP content could inhibit the process of intramitochondrial ATP synthesis, leading to the observed oxidative growth phenotype of cells expressing the pathogenic aac2 alleles. A similar explanation has been proposed to explain the effect on respiratory growth and oxidative phosphorylation in other mutant Aac2p (25, 26) . In addition, ATP/ADP imbalance may be responsible for the dysregulation of a number of mitochondrial enzymatic activities (30) , including import and assembly of respiratory complexes. Interestingly, the ATP/ADP balance drives drastic structural changes of the F0F1-ATP synthase complex of the thermophilic Bacillus PS3 (31).
The S303M pathological mutation displayed a transport dysfunction and oxidative growth phenotype similar to those of the other pathological mutants, but differed from the latter because respiration was reduced to only 50%. Also the S303V 'humanized wild-type' allele behaved differently from both the wild-type and the other 'humanized wild-type' M114L alleles, both in kinetic properties and in cytochrome content. This complex situation may be due to the sequence divergence between man and yeast at this position, suggesting for this residue (S303) a specific function in yeast Aac2p.
To mimic the human condition in adPEO, where the mutations in ANT1 are dominant, the aac2 mutant alleles were inserted in combination with the endogenous wild-type AAC2 gene. The heteroallelic strains AAC2/aac2 A128P , AAC2/ aac2 M114P and AAC2/aac2 S303M displayed a normal oxidative growth phenotype, a petite-positive phenotype and a normal membrane potential (data not shown) indicating that the three pathological mutations behaved as recessive for these phenotypes. However, when the respiratory cytochrome profiles and mtDNA mutability were analysed, we observed a dominant behaviour of the pathological mutations. In particular, the A128P mutation determined alterations of the cytochrome profile and an increase of mtDNA mutability. The M114P mutation caused alteration of respiratory cytochromes, whereas the S303M caused an increase of mtDNA mutability. The fact that mtDNA instability does not correlate to the reduction of respiratory cytochromes in the heteroallelic strains carrying the mutations M114P and S303M suggests that the two phenotypes can arise independently.
In S. cerevisiae, petite mutations occur spontaneously at a strain-dependent frequency, giving rise to respiratory deficiency. Conditions that cause increased mtDNA mutability lead to an increase of respiratory deficient cells, since after a limited number of cell divisions the vast majority of mitochondria are homoplasmic, as the heteroplasmic state is always transient in S. cerevisiae (32) . The analysis of petite mutants in the heteroallelic strains AAC2/aac2 A128P and AAC2/aac2
S303M
showed that all of them were r À , indicating that neither the synthesis of mtDNA nor its segregation was inhibited. Thus, the mtDNA alteration associated with pathogenic aac2 alleles was similar in yeast to that observed in adPEO patients. In our experimental conditions, we observed a 3-fold increase of accumulation of petite mutants only with two out of three pathological alleles. Given the low absolute level of mitochondrial mutability detected with the dominant heteroalleles, it cannot be excluded that a lower increase of mtDNA mutability in AAC2/aac2 M114P mutant can be masked by the background mutability of the wild-type strain. Further work is required to address this issue. Since heteroplasmy is stably maintained in man, but not in yeast, the increase in the rate of petite colonies observed in our mutant strains can account for the slow, progressive accumulation of multiple deletions in human mtDNA which is proposed to lead to adPEO.
Our results validate the yeast S. cerevisiae as a model system suitable for further study of the early biochemical and cellular consequences of mutations in the human ANT1 gene.
MATERIALS AND METHODS

Yeast strains and culture media
Yeast strains used were W303-1B (MATa ade2-1 leu2-3,112 ura3-1 his3-22,15 trp1-1 can1-100 AAC1 AAC2) and its isogenic aac1 aac2 mutant WB-12 (MATa ade2-1 trp1-1 ura3-1 can1-100 aac1 ł LEU2 aac2 ł HIS3) (33) . Cells were cultured in YNB medium, composed of 0.67% yeast nitrogen base without amino acids (Difco), supplemented with the appropriate amino acids and bases to a final concentration of 40 mg/ml. Various carbon sources were added at 2% (w/v). Lactate was a commercial racemic product (Fluka). For the isolation of mitochondria, cells were grown to mid-log phase in SC medium (34) supplemented with 2% galactose.
Vectors
Plasmid pBN38 containing the wild-type AAC2 gene was constructed by inserting the 1.9 kb BamHI-NheI region of the AAC2 gene in the BamHI-XbaI sites of the centromeric vector pFL38 (35) . This construct was used as template for mutagenesis of the AAC2 gene.
Site-directed mutagenesis and sequence analysis
The QuikChange site-directed mutagenesis Kit (Stratagene) was used to introduce five different point mutations in the S. cerevisiae AAC2 gene. The list of base changes, and corresponding modified primers used to generate mutated vectors, is reported in Table 1 . After mutagenesis, the inserts from each different construct were first sequenced to check for the presence of the correct base change, using suitable primers, close to the mutagenized nucleotide. The sequences of the oligonucleotide primers were as follows: MSEQ, GATGATGACCTCCGGTCAAGC; MSEQ2, CCTCTCATAA GCTATTCATTTG; MSEQ3, GGTGTTATCTCATTCTGGA GAG. Mutagenized inserts were then completely sequenced on both strands.
Ethidium bromide treatment and TTC staining
Ethidium bromide treatment has been performed as previously described (23) . Triphenyltetrazolium chloride (TTC) overlay on colonies was used to analyse the respiratory competence of cells (36) . TTC is used as a 'redox' indicator because it accepts electrons from succinate dehydrogenase during the oxidation of succinate to fumarate in the Krebs cycle. When reduced, TTC, a water-soluble, colourless compound, becomes a waterinsoluble, red formazan product. After TTC overlay respirationcompetent colonies turn reddish, whilst non-respiring colonies remain colourless.
Cytochrome spectra and respiration
Differential spectra between reduced and oxidized cells of a suspension of cells at 60 mg/ml (wet weight) were recorded at room temperature, using a Cary 219 spectrophotometer. Oxygen uptake rate was measured at 30 C using a Clark electrode in a reaction vessel of 3 ml of air-saturated respiration buffer (0.1 M phthalate-NaOH, pH 5.0), 10 mM glucose, starting the reaction with the addition of 20 mg of wet weight of cells as previously described (37) .
RNA preparation and northern analysis
Total RNA was prepared by extraction with hot acidic phenol (38) , from cells grown in YNB supplemented with 2% galactose. Northern analysis was carried out as previously described (39) . The AAC2 probe was a 700 bp fragment obtained by PCR amplification with pBN38 plasmid as template. The primers used for the amplification were MSEQ3 and A2 (CAAGATCATTTGCAGTTGGTCG). The amount of RNA loaded on the gel was estimated by hybridization with an actin gene probe (ACT1). All the probes were labeled with [a-32 P]dCTP using the rediprime DNA labelling system (Amersham).
Reconstitution of Aac2p into liposomes and transport measurements
Organelles from yeast lysates were harvested by centrifugation according to standard procedures (40) . Isolated mitochondria were solubilized in a buffer containing 1.6% Triton X-114 (w/v), 2.2 mg/ml cardiolipin (Sigma), 10 mM Na 2 SO 4 , 1 mM EDTA, 10 mM Hepes, pH 7.5, at a final concentration of 200 mg protein/ml. After incubation for 20 min at 4 C, the mixture was spun at 40 000g for 10 min. The supernatant (Triton-solubilized extract) was immediately incorporated into phospholipid vesicles by cyclic removal of the detergent with a hydrophobic column (41), as described below. The composition of the initial mixture used for reconstitution was: 50 ml of Triton-solubilized extract; 70 ml of 10% Triton X-114; 100 ml of 10% phospholipids in the form of sonicated liposomes, 0.6 mg cardiolipin (Sigma), 20 mM ATP or ADP, 10 mM Hepes, pH 7.5, and water to a final volume of 700 ml. These components were mixed thoroughly, and the mixture was recycled 13 times through an Amberlite (Bio-Rad) column (3.2 Â 0.5 cm) pre-equilibrated with the same buffer and the same concentration of the substrate present in the reconstitution mixture. All operations were performed at 4 C, except the passages through Amberlite, which were carried out at room temperature.
External substrate was removed from proteoliposomes on a Sephadex G-75 column preequilibrated with a buffer containing 50 mM NaCl and 10 mM Hepes, pH 7.5. Transport at 0 -phosphate and 10 mM bathophenanthroline (the 'inhibitorstop' method) (41) . The external radioactivity was removed on Sephadex G-75 and the internal radioactivity was measured. In controls, transport was inhibited by the addition of the inhibitors together with the labeled substrate. The transport activity was the difference between experimental and control values. No activity was observed in the absence of added protein or internal substrate. Likewise no transport was observed (99% inhibition) when proteoliposomes were preincubated with carboxyatractylate and bongkrekic acid, the specific and powerful inhibitors of the mitochondrial ADP/ATP carrier (24) , prior to the addition of labelled ATP or ADP. The initial rate of transport was calculated from the time course of isotope equilibration (41) evaluated to a first order equation using a computerized program. For all reconstituted extracts, it was checked in preliminary experiments that the amount of the protein added to the reconstitution mixture determined by the Lowry method modified as described (42) was within the range in which the ATP transport rate varied in a linear manner with respect to the amount of reconstituted protein.
Southern analysis
Total genomic DNA was extracted by rapid genomic preps method (43) , mitochondrial DNA was extracted by rapid mitochondrial preparation (44) from cells grown in YNB supplemented with 2% glucose. Aliquots of 30 mg of total genomic DNA and 5 mg of mitochondrial DNA, respectively, were digested with AccI (Amersham). Southern analysis was carried out as previously described (45) 0 . Chromosomal coordinates and genes sequences are reported in Foury et al. (46) . Each sample contained 2 ml of genomic DNA, 1 unit of Taq DNA polymerase, 1 mM of each primers, 200 mM of each deoxynucleoside triphosphate, 1.6 mM of MgCl 2 and 2.5 ml of 10Â PCR buffer (Invitrogen) in a total volume of 25 ml. DNA amplifications were carried out in a Perkin Elmer PCR thermal cycler. The following PCR conditions were used: 94 C for 3 min, followed by 25 cycles of 1 min at 94 C, 40 s at 53 C, 40 s þ 2 s/cycle at 72 C. Ten microlitres of each amplification product were then analysed by agarose gel electrophoresis. The fragments size were 447 bp for COX1, 677 bp for COX3, 807 bp for 21S rRNA and 358 bp for COB.
Miscellaneous
Transformation of yeast strain was obtained by the lithium chloride method (47) . Yeast DNA was prepared as previously described (48) . Restriction enzyme digestions, E. coli transformation and plasmid extractions, were performed using standard methods (45) . The membrane potential of freshly isolated yeast mitochondria was assessed by recording the fluorescence changes of the voltage-sensitive dye 3,3 0 -dipropylthiadicarbocyanine iodide [DiSC3(5); Molecular Probes] as previously described (49) without adding exogenous substrates. Proteins were separated by SDS-PAGE in 17.5% gels as previously described (50) , transferred to nitrocellulose membranes and immunodecorated with a rabbit antiserum raised against the bacterially expressed ADP/ATP carrier from Neurospora crassa. Immunoreactive complexes were visualized using anti-rabbit IgG-coupled horseradish peroxidase in combination with the ECL system from Amersham Pharmacia Biotech. Cytochrome c oxidase and citrate synthase activities were measured in isolated yeast mitochondria as previously described (51) .
